Little is known about the agronomic aspects of Mexican Sunflower (Tithonia diversifolia), in spite of its potential for multiple uses. In this study, we evaluated the effects of application rates of biofertilizer and irrigation on yield, growth, and leaf chlorophyll and nutrient content of Mexican Sunflower. In an experiment in the Brazilian semi-arid region, we used a 5 × 2 factorial arrangement, consisting of five application rates of biofertilizer (0, 40, 80, 120, and 160 m 3 ha -1 ), with and without irrigation. The statistical design was randomized blocks with three replications. Irrigated plants of Mexican Sunflower had greater dry and fresh matter yields, greater height, and greater leaf area index and leaf contents of K, Zn, and B. However, the high concentration of bicarbonate in the irrigation water reduced the leaf contents of N, Ca, S, Fe, and Mn. The mean increase in the two cuttings obtained with the use of irrigation was 350% and 314% for fresh and dry matter, respectively. The increase in the biofertilizer application increased the leaf chlorophyll contents of irrigated plants; however, it did not result in production or nutritional gains. In regions with low availability of rainfall, irrigated cultivation of Mexican Sunflower is recommended.
Introduction
Tithonia diversifolia (Hemsl.) A. Gray, also known as Mexican Sunflower, Botón de Oro, Wild Sunflower or Titonia, is a bush of the Asteraceae family, originating from Central America and widely distributed in tropical regions (Ramírez-Rivera et al., 2010) .
Another noteworthy factor is the use of water in agriculture, especially in arid and semi-arid regions, where this resource is scarce. Water is one of the main inputs that most frequently limits the efficiency of agricultural production systems (Taiz & Zeiger, 2013; Ul-Allah, Khan, Fricke, Buerkert, & Wachendorf, 2015) because its lack or excess significantly reduces crop yield (Xiao, Zhang, Jia, Pang, & Guo, 2015) . Thus, adequate management of irrigation becomes necessary to meet crop water needs, thus obtaining greater economic return (Ul-Allah et al., 2015; Xiao et al., 2015) .
In this study, we evaluated the use of bovine biofertilizer on the yield, chlorophyll contents, and nutritional aspects of Mexican Sunflower (T. diversifolia) grown with and without irrigation in a Brazilian semi-arid region.
Method

Study Area and Experimental Desing
The experiment was conducted over two consecutive growing seasons, from June 21 to November 28, 2015, in Montes Claros, Minas Gerais, Brazil (16°40′57.70″ S; 43°50′19.62″ W; 650 m).
Climate in the region according to the Köppen classification is Aw, hot tropical with a dry winter, and soil of the experimental area is a Cambissolo Háplico eutrófico with a clayey-silty texture (Santos et al., 2013b) . At the beginning of the trial, soil samples from the 0-0.2 m layer exhibited 7.67 pH in water; 36.60 g kg -1 organic matter; 1.88 and 137.67 mg dm -3 of P and K (Mehlich-1), respectively; 7.07, 1.60, 1.05, and 10.06 cmo c dm -3 of Ca, Mg, H+Al, and CEC, respectively; and 89.67, 19.47, 38.80, and 41 .73% of V, sand, silt, and clay, respectively.
The statistical design of the trial was randomized blocks, with three replications, in a 5 × 2 factorial arrangement. Treatments consisted of application rates of bovine biofertilizer (0, 40, 80, 120 , and 160 m 3 ha -1 ), with and without application of irrigation water (0 and 100% of reference evapotranspiration-ETo). These rates of biofertilizer correspond to 0, 50, 100, 150, and 200% of the N recommendation for sunflower (Ribeiro, Guimarães, & Alvarez, 1999) . As there are no specific fertilization recommendations in the scientific literature for Mexican Sunflower, the recommendation of N fertilization for sunflower was used as a basis, due to the botanical and morphological proximity between the species.
Management of Fertilization and Irrigation
The bovine biofertilizer used in the experiment is derived from a solar biodigester and chemically analyzed according to the method proposed by the Ministério da Agricultura, Pecuária e Abastecimento (2007), exhibiting the characteristics described in Table 1 . Half of the biofertilizer application rates (0, 20, 40, 60 , and 80 m 3 ha -1 ) was applied three days before planting (December 3, 2014) and the other half was topdressed soon after the last cutting for uniformity (June 21, 2015) . Table 1 . Chemical characteristics of the bovine biofertilizer (BBF) applied at planting and topdressing, and amounts of nutrients applied with the different application rates of biofertilizer
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. In the second cutting, the values of the chlorophyll a/b ratio in the leaves ( Figure 5H ) showed a decreasing response with the increase in fertilization; the highest value found was 4.87 and the lowest was 4.31, in reference to the application rates of 0 and 160 m 3 ha -1 , respectively. However, under dryland conditions, the chlorophyll a/b ratio in the leaves of Mexican Sunflower was an average of 3.36 in the two cuttings, regardless of the amount of biofertilizer applied to the soil.
Nutritional Aspects of Mexican Sunflower (Tithonia diversifolia)
An interaction was found between the irrigation and bovine biofertilizer application rate factors for leaf K and Mg contents of Mexican Sunflower in the second cutting of Mexican Sunflower (160 days); however, regression models were not obtained that fit the biological phenomenon. Fertilization with bovine biofertilizer significantly (p ≤ 0.05) influenced only Ca leaf content in the first cutting of Mexican Sunflower (80 days); however, regression models that fit the biological phenomenon were likewise not obtained. The presence or absence of irrigation had a significant (p ≤ 0.01) effect on leaf content of N, P, Mn, and B at 80 and 160 days; K, Ca, and Zn at 80 days; and S and Cu at 160 days. The water regime also had a significant effect on Fe leaf content at 160 days, and Cu at 80 days, however, with a level of significance of 5% ( Note. **significant at 1% probability, *significant at 5% probability, NS nonsignificant. BFR: biofertilizer rates, SD: Standard Deviation, CV: coefficient of variation. Means followed by the same letter in the column do not differ at the 0.05 probability level by the F test.
Irrigation contributed to an increase in the P and K content in the leaves of Mexican Sunflower at 80 days, differing from the non-irrigated treatments by 0.03 and 0.58 dag kg -1 , respectively (Table 2 ).
The leaves of Mexican Sunflower grown in a non-irrigated system had greater content of N at 80 and 160 days, of Ca at 80 days, and of P and S at 160 days, resulting in mean gains of 0.68 and 1.48 dag kg -1 of N in the first and second cutting, respectively, of 0.68 dag kg -1 of Ca in the first cutting, and of 0.05 dag kg -1 of P and 0.08 dag kg -1 of S in the second cutting ( (Table 2) .
Discussion
The irrigated plants had mean values of fresh matter and dry matter of 44 569.3 and 9805.3 kg ha -1 in the first cutting and 43 690.0 and 6355.3 kg ha -1 in the second cutting, respectively (Figure 2) . A similar result was reported by Mahecha and Rosales (2005) , who observed yield between 30 000 and 70 000 kg ha -1 of fresh forage; the result was greater than that found by Sao et al. (2010) (Figure 2 ). This response pattern can be explained by the fact that the plants of the first crop grew under dry conditions, with accumulated rainfall in this period of 3 mm (Figure 1 ). During the second crop, the non-irrigated plants received a water depth through rainfall of 136.82 mm (Figure 1) , showing the potential and the need for irrigation for greater forage production in the time of water scarcity. In addition, it is important to highlight the ability for regrowth and the tolerance of Mexican Sunflower to the cutting management practice adopted in the experiment, as well as its survival in the dry period of the year.
The high natural fertility of the soil used in this trial may have contributed to the lack of yield response of Mexican Sunflower in relation to the increase in the application rates of bovine biofertilizer, which suggests lower demands of the crop in regard to availability of soil nutrients. Forage crops such as Urochloa decumbens, U. humidicola, Paspalum atratum, P. plicatulum, and Andropogon gayanus are also not demanding in regard to soil fertility (Fonseca & Martuscello, 2011) ; however, they do not have the same bromatological quality as Mexican Sunflower (Fonseca & Martuscello, 2011; Odedire & Oloidi, 2014) . The favorable bromatological characteristics of Mexican Sunflower (Osuga et al., 2012; Odedire & Oloidi, 2014) , together with its hardiness, found in this study, places this plant as a potential forage crop for semi-arid regions. Future studies should be carried out to evaluate the species in regard to adaptation to different soils.
The increase in leaf area of forage plants, in addition to allowing greater interception of light, favor animal performance since this organ contains higher nutrient contents and higher digestibility (Xiao et al., 2015) . Humphreys (1991) reports that, in general, in pastures, values of critical LAI are from 3 to 5, and in this range, interception of light is approximately 95%. Within this critical value, the growth rate of any forage crop would be near its maximum value (Brougham, 1956; Borges, Da Silva, Lucas, & Da Silva, 2011) . In the first cutting, the LAI values found in the irrigated and non-irrigated Mexican Sunflower plants were 4.16 and 2.22, respectively, showing that only the irrigated plants achieved critical LAI. Thus, it is possible to infer that the mean cutting height of Mexican Sunflower in non-irrigated and irrigated crops is around 0.9 and 1.4 m, respectively. Nevertheless, it should be noted that the reference data found in the literature (Borges et al., 2011) refer to forage grasses, whose shoot structure is drastically different than Mexican Sunflower.
The positive effects of irrigation on forage crops have been confirmed by various studies (Ul-Allah et al., 2015; Xiao et al., 2015) . Reduction in growth and development can be considered a pattern of natural response of plants to water deficit. Lack of water available to plants promotes a decline in cell turgor pressure, leading to lower leaf expansion (Taiz & Zeiger, 2013) . In addition, low availability of water in the soil hinders nutrient uptake. Nevertheless, in this study, interaction between the factors of irrigation and biofertilizer application rate was not observed for the variables of growth, development, and yield, showing that availability of water in the soil is determinant and primary in relation to nutrient uptake.
The increase in the biofertilizer application rate favored the production of total chlorophyll and of chlorophyll a and b in the irrigated plants ( Figures 5A-5F ). A similar response was reported by Ouni et al. (2014) , and Széles, Megyes, and Nagy (2012) , who observed that the increase in fertilizer application rates supplied to the plant led to an increase in the photosynthetic activity of maize (Zea mays L.), barley (Hordeum vulgare), and rabbitsfoot grass (Polypogon monspeliensis).
The increase in the nitrogen content in the soil available to plants contributes to the increase in the content of leaf chlorophyll since this element is part of the chlorophyll molecule, and it also contributes to the photosynthetic activity of plants in general (Taiz & Zeiger, 2013) . In comparison, the effects are similar to those reported by Széles et al. (2012) in maize, who observed that fertilization leads to an increase in chlorophyll contents.
In the non-irrigated treatments, the biofertilizer application rates did not have an influence on total chlorophyll and chlorophyll a and b contents (Figures 5A-5F ). This behavior can be explained by the Law of the Minimum (Paris, 1992) because when fertilizer is applied at an amount sufficient for increasing leaf chlorophyll content, it comes to be limited by low availability of water in the soil.
The values of total chlorophyll and of chlorophyll a and b in the treatments without irrigation were greater than those shown in the irrigated treatments (Figures 5A-5F ). According to Shahabi, Malakouti, and Fallahi (2005) , high bicarbonate concentrations in the rhizosphere are associated with high levels of pH in the cytoplasm, an increase in root respiration, and activity of the cytochrome oxidase enzyme, as well as reduction in chlorophyll synthesis. Consequently, the addition of bicarbonate to the soil by means of irrigation water leads to deficiency in leaf chlorophyll content, which was observed in this study and which can be explained by the bicarbonate content (452.80 mg L -1 ) in the water used for irrigation of Mexican Sunflower.
In the plants fertilized with higher application rates of bovine biofertilizer in irrigated cropping, photosynthetic activity was favored, in comparison to those fertilized with low application rates of this organic fertilizer. This finding result from higher contents of chlorophyll b (Figures 5E and 5F) in relation to chlorophyll a ( Figure 5C and 5D) and, consequently, reduction in the chlorophyll a/b ratio ( Figure 5G and 5H). The decline in this ratio, according to Cancellier et al. (2011) , is due to higher contents of chlorophyll b in the leaves, thus increasing the efficacy of photosynthetic reactions. Chlorophyll a actively participates in the first photochemical process of photosynthesis, while the main function of chlorophyll b is absorption of light in the wavelength spectrum not absorbable by chlorophyll a (Taiz & Zeiger, 2013 ).
An increase in leaf contents of P, K, Zn, Cu, and B as a result of irrigation (Table 2) were also found by other authors (Gunes et al., 2006; Zhang, Yao, Li, Hu, & Chen, 2014) . Water is probably the most important factor in the process of nutrient uptake from the soil and transport of essential elements through the xylem and phloem (Taiz & Zeiger, 2013) .
The high contents of bicarbonate found in the irrigation water used in this study (453 mg L -1 ) may have reduced the solubility of some nutrients in the soil and caused lower uptake and contents of N, P, Ca S, Fe, Mn, and Cu in the plants of the irrigated system in comparison to those of the non-irrigated treatments (Table 2 ). In general, it is acceptable for the bicarbonate content in irrigation water to be between 0 and 160 mg L -1 (Roosta, 2011) .
The concept that bicarbonate can interfere in nutrient uptake by plants is not recent; however, the cell mechanisms through which such effect is manifested and how the bicarbonate interferes in the uptake and availability of each essential nutrient are not yet very clear. The relationship of increase in the bicarbonate content in the irrigation water with decrease in Fe leaf content is reported in the literature (Shahabi et al., 2005; Colla, Rouphael, Cardarelli, Salerno, & Rea, 2010; Roosta, 2011) ; however, this connection in not well defined in regard to other nutrients. Leaf contents of Mg increased under high concentrations of HCO 3 in the growth medium, as reported for apple (Shahabi et al., 2005) , spinach (Assimakopoulou, 2006) , and watermelon (Colla et al., 2010) crops. In tobacco, the Mg content remained unchanged (Pearce, Li, & Bush, 1999) and in olives, it decreased (Guardia & Alcantara, 2002) , also under high concentrations of HCO 3 . Bicarbonate has also been considered the cause of Zn deficiency (Yang, Romheld, & Marschner, 1993) , as observed in apple (Shahabi et al., 2005) , spinach (Assimakopoulou, 2006) , and watermelon (Colla et al., 2010) plants.
High concentrations of HCO 3 in the irrigation water promote an increase in soil pH, which has an indirect effect on nutrient availability to plants (Roosta, 2011; White, 2012) . In addition, the effect of high concentrations of HCO 3 on a decrease in the root/shoot ratio has been reported, which brings about physiological disadvantages because, in addition to decreasing the soil volume exploited by the root system, the source/sink relationship is also reduced (Assimakopoulou, 2006; White, 2012; Taiz & Zeiger, 2013) .
With the results obtained in the present experiment, the yield potential of Mexican Sunflower when irrigated is shown; however, when cultivated in dryland, the species is able to survive without this resource, even when cut in a period of water restriction (Figure 1 ). In addition, in spite of having high concentration of nutrients, above all nitrogen, this plant seems not to make large demands in regard to soil fertility, considering that, in this trial, the incorporation of bovine biofertilizer did not result in gains in yield and plant growth.
Thus, undertaking new studies on the nutritional demands of Mexican Sunflower in soils of tropical origin are of utmost importance for establishing fertilization recommendations. In regard to irrigated cultivation, it is important that new studies clarify the effect of application of irrigation water rich in bicarbonate on the quality of Mexican Sunflower when used as forage or green manure.
Conclusions
Fertilization with bovine biofertilizer does not favor yield, plant growth, and leaf content of nutrients of Mexican Sunflower (Tithonia diversifolia) in fertile soil.
Irrigation at a water depth of 100% of reference evapotranspiration promotes gains in yield, leaf area index, and height of Mexican Sunflower (Tithonia diversifolia).
The increase in the application rate of bovine biofertilizer favors total chlorophyll and chlorophyll a and b content in the leaves of Mexican Sunflower (Tithonia diversifolia).
Irrigation promotes higher contents of K, Zn, and B in Mexican Sunflower (Tithonia diversifolia) plants; however, it reduces leaf contents of N, Ca, S, Fe, and Mn.
